Background: Graptopetalum paraguayense (GP) is a folk herbal medicine with hepatoprotective effects that is used in Taiwan. The aim of this study was to evaluate the hepatoprotective and antifibrotic effects of GP on experimental hepatic fibrosis in both dimethylnitrosamine (DMN)-and carbon tetrachloride (CCl 4 )-induced liver injury rats.
Introduction
Hepatic fibrosis, a precursor of cirrhosis, is characterized by an excessive generation of extracellular matrix constituents (particularly collagens) that impair normal function with progression of liver disease to cirrhosis [1] . Liver fibrosis can result in the development of liver carcinoma and the mortality of patients with liver fibrosis is gradually increasing [2] . Numerous agents, including corticosteroids, penicillamine, methotrexate, silymarin and colchicines, have been used in the therapy of hepatic fibrosis, but there is no definitive treatment [3, 4, 5, 6 ]. An effective therapy for treatment of patients with hepatic fibrosis is thus urgently needed.
Herbal medicines that have been used in China for thousands of years are now being manufactured in China as drugs with standardized quality and quantity of ingredients. Over the past several decades, there has been a growing trend in Western countries to use herbal medicines to treat a wide range of diseases, including obesity, insomnia, eczema, arthritis, immunodeficiency syndrome, inflammatory diseases, and chronic liver diseases [7] . Graptopetalum paraguayense (GP) is a Crassulacean acid metabolism plant with antioxidative and antiproliferative activities [8, 9] and is commonly used as a health food in Taiwan. It is considered to have potentially beneficial effects in hypertension, diabetes, hyperuricemia, and chronic liver diseases [10] . However, there is no definitive experimental or clinical evidence for the efficacy of GP in the treatment of these diseases.
Our previous study indicated that a concentration of 70% methanolic extract of GP (MGP) was the most effective for liver protection. The present study was initiated to examine the effects of MGP on hepatic fibrosis in vivo through induction by dimethylnitrosamine (DMN) and carbon tetrachloride (CCl 4 ) in rats. The effects of MGP on the myofibroblast transformation of rat hepatic stellate cells (HSCs) and Kupffer cell activation in primary culture were also investigated. The results indicate that the oral administration of MGP attenuated collagen deposition in toxin-induced liver fibrosis in rats. MGP also inhibited the proliferation of activated HSCs and reduced collagen and alpha smooth muscle actin (a-SMA) expression. Moreover, MGP was shown to be capable of modulating lipopolysaccharide (LPS)-stimulated tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6), interleukin 10 (IL-10), and nitric oxide (NO) production in Kupffer cells.
Our findings indicate that the protective effects of MGP against liver injury likely involve multiple mechanisms, including an antiinflammatory effect through decreased TNF-a, IL-6 and NO production in LPS-stimulated conditions as well as an antifibrogenic effect that is mediated by inhibiting the activation of cell transformation and by the induction of apoptosis in HSCs. These observations strongly suggest that MGP might have therapeutic potential for treatment of liver fibrosis and chronic liver disorders. 
Materials and Methods

Ethics Statement
Preparation of MGP
The leaves of GP were purchased from a local herb farm in Taiwan and were washed with distilled water, air-dried overnight, and then freeze-dried at 250uC with a freeze dryer and ground to a powder (100 mesh). Lyophilized GP powder was stored at 4uC until use. The method for preparing MGP was modified based on the procedure described by Wang et al. [11] MGP extract was prepared as follows: lyophilized GP powder (100 g) was dissolved in 70% methanol (1000 ml). After centrifugation at 14006g for 20 min, the resulting precipitates were discarded and the supernatant was filtered through a 0.22 mm filter. The filtrate was evaporated to dryness on a rotary evaporator and then lyophilized. The dried methanolic extract powder of GP was stored at 4uC until use.
Preparation of Liver Injury and Fibrosis Model Rats by DMN and CCl 4
Male Sprague-Dawley rats, weighing 250 to 300 g, were purchased from the National Laboratory Animal Breeding and Research Center, National Science Council, Taiwan. All experiments were performed in accordance with The National Laboratory Animal Breeding and Research Center's guidelines. Liver injury and fibrosis model rats were produced by the administration of DMN (Sigma, USA) as previously reported [12] with minor modification. For the DMN-induced injury model, rats were intraperitoneally (i.p.) injected with DMN diluted in phosphate-buffered saline (PBS) (7 mg/kg per day) on the first 3 days each week for 3 weeks to cause liver injury and fibrosis. The control groups were injected with PBS alone. Fiftyfour rats were randomized into three experimental groups (n = 18 in each group) as follows: (1) Control (injection of PBS i.p. and oral administration of water); (2) DMN (injection of DMN i.p. and oral administration of water); (3) DMN+MGP (injection of DMN i.p. and oral administration of MGP). MGP was suspended in water and administered orally once each day at a dose of 400 mg/kg for 6 weeks, starting on the 8 th day after the first injection of DMN. [The 8 th day means that there was a 7-day period after the first DMN injection and on the following day, i.e., the 8 th day, MGP was given.] Control rats received distilled water alone.
For the CCl 4 -induced liver injury model, rats were randomly sorted into three groups (n = 20): control, model group (CCl 4 ), and CCl 4 +MGP group. Each group, except the control group, received an oral dose of CCl 4 (1 ml/kg body weight) (Panreac Quimica SAU, Spain) twice a week (40%, diluted in olive oil) for 10 weeks [13] . MGP was suspended in water and was administered orally once per day at a dose of 400 mg/kg for 9 weeks, starting on the 8 th day after the first treatment of CCl 4 . Control rats received only distilled water. At the end of the in vivo experiments, blood samples were taken to determine biochemical indicators. The livers were excised, weighed and fixed in formaldehyde for histopathological examination. Protocols for these studies were reviewed by the Ethics Committee on Animal Experimentation of Taichung Veterans General Hospital.
CCl 4 -induced Acute Hepatotoxicity Model
SD rats were intraperitoneally injected with a single-dose of CCl 4 (2 ml/kg in olive oil) to induce acute hepatotoxicity and were orally fed with 400 mg/kg MGP daily, rats were sacrificed after 4 days. There were three experimental groups of rat (n = 6 per group), namely: control rat (vehicle only), CCl 4 -treated rat and CCl 4 +MGP treated rat (400 mg/kg MGP).
Histopathological and Biochemical Examination of the Liver
MGP was orally administered to toxin-treated rats and the effects on liver fibrosis were evaluated by histopathological examinations of hepatic fibrosis with hematoxylin/eosin staining, Sirius red-Fast green staining, and computerized score of hepatic fibrosis. Liver specimens were fixed with phosphate-buffered formaldehyde, embedded in paraffin, and stained with hematoxylin-eosin. The fibrosis scoring system was modified from the Histology Activity Index (HAI) [14, 15] , includes necroinflammatory and fibrosis as previously described [16] . Three represented images of each histology sample section (at 1006magnification) of each rat have been selected randomly and scored. The differential staining of collagenous and noncollagenous proteins was performed with 0.1% Sirius red and 0.1% Fast green as a counterstain in saturated picric acid. In this procedure, collagen is stained red [17] . Liver tissue sections were photographed using AXIO, Imager. A1 microscope (ZEISS, Germany). The content of collagen fibers was estimated by Image-Pro Plus 5.0. Biochemical determinations of hydroxyproline content in liver and serum biochemical markers including alanine transaminase (AST), aspartate transaminase (ALT), bilirubin, albumin, prothrombin time, and platelet number were also performed using commercial kits (Wako Inc., Japan).
Immunocytochemical Staining for Collagen I and a-SMA To detect collagen I and a-SMA in cultured HSCs, immunocytochemical staining was performed using anti-rat collagen I and a-SMA antibodies (Calbiochem-Merck, USA) and a secondary fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology, USA). Photomicrographs were taken using a fluorescence microscope.
Immunohistochemical Staining for TNF-a and IL-6
Hepatic staining for TNF-a and IL-6 was examined by immunohistochemical procedure. Briefly, the sections were deparaffinized and treated with 3% hydrogen peroxide to inactivate endogenous peroxidases. Epitope unmasking was performed by immersing sections in antigen retrieval solution A (BD Pharmingen, USA) and heating to 120uC for 20 min. After cooling, blocking with 10% fetal bovine serum at room temperature for 30 min followed by the sequential application of mouse anti-rat TNF-a and IL-6 antibodies, biotin-conjugated goat anti-mouse immunoglobulin G, and streptavidin-conjugated horseradish peroxidase for 30 min. Finally, the sections were incubated in diaminobenzidine according to the manufacturer's instructions (Vector Laboratories, USA) and counter-stained with hematoxylin.
Determination of Hydroxyproline Content
Livers were collected at the moment of sacrifice, and 150 mg of liver tissue was subjected to acid hydrolysis to determine the amount of hydroxyproline according to a procedure described elsewhere [18] with some modifications. Briefly, 2 ml of homogenized liver tissue was hydrolyzed by adding 3 ml of 10 N HCl and then incubated at 110uC for 16 h. After cooling, the hydrolysate was filtered through a 0.45 mm filter. A mixture of 1 ml of 6 N NaOH and 1 ml of citrate buffer was added to 1 ml hydrolysate and mixed well, and then, 1 ml of 0.05 M chloramine-T in citrate-acetate buffer (pH 6.0-6.5) in the presence of npropanol (1.32 M) was added to the mixture. The solution was thoroughly mixed and incubated for 20 min at room temperature. The reaction was then stopped by adding 1 ml perchloric acid/pdimethylaminobenzaldehyde solution in n-propanol (32.5 ml 70% perchloric acid, 18.75 g dimethylaminobenzaldehyde, 75 ml npropanol) and then incubated at 60uC for 30 min. After cooling, the absorbance was determined by a spectrophotometer at 550 nm. The concentration of hydroxyproline was calculated from standard curves using pure hydroxyproline as a standard. The results are expressed as micrograms of hydroxyproline per gram of liver tissue.
Isolation of HSCs and Cell Viability Determination
HSCs were isolated from the liver of male Sprague-Dawley rats as described previously [19] with a minor modification. Briefly, for each rat, the liver was perfused in situ through the portal vein with a 16-gauge cannula, first with Ca 2+ /Mg 2+ -free HBSS solution at 37uC for 10 min at a flow rate of 10 ml/min, followed by 0.1% pronase E (Merck, Darmstadt, Germany) in HBSS solution for 10 min, and then with 0.3% collagenase (Wako, Osaka, Japan) in HBSS solution for 30 min. The digested liver was excised, minced with scissors, and incubated in HBSS solution containing 0.05% pronase E and 20 mg/ml DNase for 30 min. The resulting suspension was filtered through nylon mesh (150 mm in diameter). An HSC-enriched fraction was obtained by centrifugation of the filtrate in an 8.2% Nycodenz (Nycomed, Norway) solution at 1,4006g at 4uC for 20 min. The cells in the upper layer were washed by centrifugation at 4506g at 4uC for 10 min and suspended in DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 1% L-glutamine. The purity of the isolated HSC was assessed through direct cell counting under phase-contrast microscopy by intrinsic vitamin A autofluorescence and by immunohistochemistry using a monoclonal antibody against desmin (DAKO; diluted 1:40). Cell viability was examined by trypan blue dye exclusion. Both cell purity and viability were in excess of 90%. HSCs were plated at a density of 5610 5 cells per well in 1 ml of culture medium on culture dishes, and the culture medium was changed 2 days after plating. Cells were maintained at 37uC in a 5% CO 2 incubator for the indicated time points.
Isolation of Kupffer Cells
Rat Kupffer cells were isolated from the liver of male SpragueDawley rats as described previously [20] with a minor modification. Briefly, rats were fasted overnight, and the livers were perfused through the portal vein with perfusion buffer (Ca +2 and Mg +2 -free Krebs-Henseleit solution containing 0.2% glucose, 0.2% bovine serum albumin, 0.03% collagenase, and 0.02% protease). The cell suspension was filtered through two layers of nylon mesh, and the filtrate was centrifuged at 6006g for 45 s. The supernatant was then centrifuged at 9006g for 6 min. The pellet was suspended in Gey's balanced salt solution (GBSS) without NaCl containing 17.5% metrizamide. One milliliter of GBSS was layered over 6 ml of the cell suspension after centrifugation at 14006g for 20 min. The interface layer containing Kupffer cells was isolated, washed in PBS, and then suspended in William's medium E containing 10% fetal calf serum. Further purification of the cells was achieved by attachment to the plastic plates for 2-3 h. Medium was renewed after 3 h and on the following day. Cells were then used on the third day. Kupffer cells were identified by their ability to phagocytose 1 mm latex particles and by their staining with ED2. Cells isolated in this way were 90% Kupffer cells and less than 95% viable (Trypan Blue exclusion).
TUNEL Assay
The TUNEL assay was performed according to the manufacturer's protocol (Boehringer Mannheim, Roche). Briefly, rat activated HSCs were treated without or with MGP (400 mg/ml) for 72 h. After incubation, cells were fixed with 4% paraformaldehyde, incubated in reaction buffer (34 mU/ml terminal transferase, 280 pmol of dATP, 90 pmol of fluorescein-11-dUTP, 30 mM Tris-HCl, 140 mM sodium cacodylate, 1 mM CaCl 2 , pH = 7.2) at 37uC for 60 min in the dark, and then rinsed twice with PBS. Cells were visualized using a fluorescence microscope. TUNEL positive cells were counted as apoptotic.
Caspase Activity Assay
Caspase-2, caspase-3, caspase-8 and caspase-9 activities were estimated according to the manufacturer's protocol. Briefly, cell lysates (100 mg total protein) were added to reaction mixtures (final volume 50 mL) containing fluorogenic peptide substrate specific for each caspase. The reaction was performed at 37uC for 2 h. Fluorescence intensity was measured with a fluorescence microplate reader (Thermo Labsystem, Finland) (excitation wavelength 400 nm, emission wavelength 505 nm). Caspase-2 inhibitor (Z-VDVAD-fmk), caspase-3 inhibitor (Z-DEVD-fmk), caspase-8 inhibitor (Z-IETD-fmk), and caspase-9 inhibitor (Z-LEHD-fmk) were obtained from Kamiya (Thousand Oaks, USA).
Protein Preparation and Western Blot Analysis
HSCs were treated without or with 400 mg/ml MGP for 48 hrs. After treatment, cells were lysed, and total protein was isolated. The protein content was determined by the Bradford method. For Western blot analysis, equal amounts of total protein were loaded onto SDS-polyacrylamide gels, and the proteins were electrophoretically transferred onto a PVDF membrane (Millipore, Bedford, MA). The protein expression was detected by each immunoblotting with the corresponding specific primary antibodies (against collagen I, a-SMA, B-cell CLL/lymphoma 2 (Bcl-2), myeloid cell leukemia sequence 1 (Mcl-1), Bcl2-associated X protein (Bax), and b-actin) at room temperature for 4 hrs. After washing three times with TBST, the membrane was incubated with horseradish peroxidase-labeled secondary antibody for 1 hr. The membrane was washed, and detection was performed using the enhanced chemiluminescence blotting detection system (Amersham, USA).
TNF-a and IL-6 Measurement
The concentrations of TNF-a and IL-6 in the medium were determined by ELISA kits OptEIA Set (BD Biosciences, USA) that were specific against rat cytokines. Assays were performed according to the manufacturer's instructions.
Nitrite Measurement
The nitrite concentration in the medium was measured using the Griess reaction, and the calculated concentration was taken as an indicator of NO production. The medium of cell cultures was harvested and mixed with an equal volume of Griess reagent (1% sulfanilamide in 5% phosphoric acid and 0.1% naphthyl ethylenediamine dihydrochloride in water). The optical density at 550 nm (A 550 ) was measured and calculated against a sodium nitrite standard curve.
Statistical Analysis
All data are shown as the mean6S.D. from at least 3 independent experiments. Figures were obtained from at least three independent experiments with similar patterns. The biochemical experimental data were analyzed by two-way ANOVA. When the interaction was significant, Tukey's multiple-comparison test was performed. Survival analyses were conducted using the Kaplan-Meier method. Comparisons were made using one-way ANOVA followed by the Mann-Whitney test. All analyses were performed with SPSS software version 13.0 (SPSS Inc., USA).
Results
Effects of GP Methanolic Extract on Liver Fibrosis in Rats given DMN
Repeated administration of DMN or CCl 4 to rats resulted in a reproducible animal model of liver fibrosis [21, 22] and enabled us to examine the hepatoprotective effects of MGP on DMN-and CCl 4 -induced chronic liver injury in rats. The schematic illustration for in vivo DMN-induced hepatic fibrosis experiments is shown in Fig. 1A . After 6 weeks of treatment, the liver damage and fibrosis-improving effects of MGP were assessed according to changes in body, liver and spleen weights, the levels of ALT, AST, bilirubin, and albumin, prothrombin activity, and platelet number, as well as liver hydroxyproline content and fibrosis area. As shown in Table 1 , treatment with DMN caused a significant decrease in rat body and liver weights, and increased spleen weight compared with those of the control rats. By comparison, oral feeding of MGP significantly increased body and liver weights and decreased spleen weight. Moreover, the survival rates in the DMN-treated and DMN-MGP-treated groups were 61.1% (11 of 18 rats survived) and 94.4% (17 of 18 rats survived), respectively. No rats died in the control group (Fig. 1B) .
Serum biochemical marker determinations showed that the serum AST, ALT and bilirubin levels and the prothrombin time increased, whereas the serum albumin and platelet levels decreased in DMN-treated rats compared with those of the normal controls (Table 2) . However, oral feeding with MGP effectively reduced DMN-induced elevation of AST, ALT, bilirubin, and prothrombin time. DMN-mediated decline in serum albumin and platelet number was increased by MGP administration.
The effect of MGP on liver fibrogenesis was investigated by hematoxylin-eosin staining. We found that administration of DMN induced centrilobular and periportal deposition of fibers, and continuous fibrotic septa were observed between the central and portal veins (Fig. 1C, upper panel) . Treatment with MGP thus obviously suppressed fibril deposition. Data from Fast green-Sirius red staining exhibited a gradual and marked increase in collagen fiber content in the livers of DMN-treated rats, displaying bundles of collagen (stained in red) surrounding the lobules. This resulted in large fibrous septa, indicating the onset of severe fibrosis (Fig. 1C, lower panel) . However, the thickening of these collagen bundles was reduced drastically in the DMN+MGP group. Furthermore, there were very low levels of collagen deposition in the livers of control rats (lower panel of Fig. 1C) .
The content of collagen in liver tissue was measured by computer-assisted morphometric analysis of liver sections. The results indicated that DMN-induced fibrotic livers had higher levels of collagen than those of the control rat livers. In rats fed with MGP after administration of DMN, collagen levels were decreased significantly (Fig. 1D) . Next, hepatic collagen was also quantified by the measurement of hepatic hydroxyproline content, which parallels the extent of fibrosis. Similar results were found in the DMN group which had significantly higher hydroxyproline content than that of the DMN+MGP group (DMN, 276667 mg/g vs. DMN+MGP, 60626 mg/g, p,0.01) and the control group (2965 mg/g, p,0.001) (Fig. 1E) .
Effects of GP Methanolic Extract on CCl 4 -induced Liver Fibrosis in Rats
The CCl 4 -induced liver injury and fibrosis experimental schedule is presented in Fig. 2A , where the CCl 4 was repeatedly administered (1 ml/kg, 2 times per week) and orally fed to the rats with or without MGP for 9 weeks. All of the rats in the control group survived during the experimental period. The survival rate of the CCl 4 -treated group and the CCl 4 -MGP-treated group was 80% (16 of 20 rats survived) and 90% (18 of 20 rats survived), respectively (Fig. 2B) . The influences of CCl 4 and MGP on rat body, liver, and spleen weights are depicted in Table 3 . As can be seen, the body weight of CCl 4 -administered rats significantly decreased, but treatment with MGP exhibited a significant increase in body weight when compared with that of the CCl 4 -administered group. MGP also reversed CCl 4 -induced splenomegaly.
As shown in Table 4 , the serum AST, ALT and bilirubin levels as well as the prothrombin time were increased, whereas the albumin and platelet levels decreased in CCl 4 -treated rats. Oral administration of MGP significantly reduced the serum levels of AST, ALT, and bilirubin while the serum level of albumin increased. In addition, treatment with CCl 4 drastically reduced serum platelet number and prolonged the prothrombin time.
Coadministration of MGP dramatically reversed the CCl 4 -induced platelet number decrease and prothrombin time elongation.
Representative photographs of liver morphology examined by hematoxylin-eosin staining are shown in Fig. 2C . Compared with normal rat liver morphology, CCl 4 -treated rat livers showed diffuse fatty tissue and micronodular fibrosis along the central vein and portal area. However, feeding CCl 4 -injured rats with MGP significantly ameliorated CCl 4 -induced fibrosis and collagen accumulation. In addition, the degree of CCl 4 -induced fatty liver and other pathological changes were also mitigated (Fig. 2C,  upper panel) . Fast green-Sirius red staining results demonstrated that little red staining was observed in the pericentral area in the control rat livers. In contrast, the livers injured by chronic CCl 4 treatment displayed an excessive deposition of collagen fibrils. However, MGP treatment clearly suppressed collagen accumulation (Fig. 2C, lower panel) . Quantitative analysis of Fast GreenSirius red staining photographs by image analysis showed that hepatic collagen was increased 11-fold as a result of CCl 4 exposure and that MGP treatment decreased CCl 4 -mediated elevation of hepatic collagen by approximately 80% (Fig. 2D) .
The biochemical determination of hydroxyproline strongly correlated with the diminished CCl 4 -induced fibrosis by MGP, as measured by image morphometric analysis ( Fig. 2D and 2E ). These data suggest that MGP could suppress hepatic fibrosis in chronic liver injury. Collectively, our findings indicate that MGP effectively alleviated fibrogenic progression in the liver following toxic chemical (both DMN and CCl 4 ) administration.
Data from HAI pathological fibrosis scoring analysis indicated that treatment with MGP could significantly reduce DMN-and CCl 4 -induced hepatic fibrosis (Table 5 ). Based on our results, DMN indeed caused more severe liver damage than CCl 4 . DMN caused cirrhosis whereas CCl 4 just caused fibrosis. We also found that DMN induced an irreversible liver fibrosis and cirrhosis model while CCl 4 induced a reversible liver fibrosis model.
MGP Suppresses the Activation of Primary Cultured HSCs
The activation of HSCs is the key process in the pathogenesis of hepatic fibrosis, as activated HSCs are transformed into the myofibroblastic phenotype expressing myogenic marker a-SMA and then differentiate into collagen type I-producing cells. To gain insight into the cellular and molecular mechanisms that are involved in the regulation of fibrosis reversion induced by MGP, we examined the direct effects of MGP on HSC activation. For this study, the primary cultured HSCs were isolated from rats and then incubated with 200 mg/ml MGP for 1, 3, and 7 days. The morphological changes and the expression of a-SMA and collagen I (markers of HSC activation) were then investigated. As shown in Fig. 3A , the isolated HSCs were transformed to myofibroblast-like cells with enlarged cell bodies and exhibited immunoreactive a-SMA and collagen I after 7 days of incubation (Fig. 3B) . The addition of MGP prevented HSC myofibroblast-like activation (Fig. 3A) and largely suppressed the immunoreactivity of a-SMA and collagen I (Fig. 3B) .
To test whether MGP reversed the myofibroblastic-like activation of transformed HSCs, activatedHSCs (over 5 passages) were treated without or with 200 mg/ml MGP. The expression of myogenic markers a-SMA and collagen I was then examined. Data from Western blotting showed that a large amount of a-SMA and collagen I were expressed in the activated HSCs while a significantly reduced expression of these two activated HSC markers was observed after exposure to MGP (Fig. 3C) . Moreover, the immunoreactivity of both a-SMA and collagen I was strong in activated HSCs, but treatment with 200 mg/ml MGP for 3 days largely inhibited the expression of these two markers. These observations indicate that MGP suppressed activation of HSC transformation and inhibited a-SMA and collagen I production in primary cultured HSCs.
MGP Induces Apoptosis of Activated HSCs
We also assayed the effects of MGP on the viability of activated HSCs (over 5 passages) and primary cultured hepatocytes. As shown in Fig. 4A , MGP caused a dose-dependent reduction in viability of activated HSCs within 72 h. Conversely, the viability of primary cultured rat hepatocytes did not alter after 72 h of MGP (400 mg/ml) incubation. Morphological investigation of MGPtreated HSCs showed apoptotic features (Fig. 4B) . We therefore determined whether apoptosis was a mechanism in MGPmediated reduced viability of HSCs. The TUNEL assay confirmed substantial genomic DNA fragmentation upon incubation with MGP (400 mg/ml) for 48 h (Fig. 4C) . However, at the same dose of MGP, no TUNEL positive cells could be detected in hepatocyte cultures.
To determine the role of caspases in MGP-induced apoptosis, the activities of caspases were measured in control and MGPtreated activated HSCs. As depicted in Fig. 4D , MGP-induced apoptosis of activated HSCs was associated with increased activities of caspase-2, caspase-3, caspase-8, and caspase-9. Moreover, selective inhibitors of caspase-2 (Z-VDVAD-fmk), caspase-3 (Z-DEVD-fmk), caspase-8 (Z-IETD-fmk), and caspase-9 (Z-LEHD-fmk) could effectively attenuate MGP-triggered apoptosis of activated HSCs (Fig. 4E) , suggesting that MGP induced caspase-dependent apoptotic cell death in activated HSCs. Since MGP induced both intrinsic and extrinsic caspase activation, the regulation of the Bcl-2 family and molecules in the death receptor family by MGP was examined. As shown in Fig. 4F , treatment with MGP significantly decreased the levels of anti- apoptotic proteins, Bcl-2 and Mcl-1. In contrast, the proapoptotic molecules, Bax and Fas, were increased in MGP-treated HSCs.
MGP Suppresses LPS-stimulated Cytokine Production in Kupffer Cells
Accumulating evidence indicates that the bulk release of inflammatory mediators by Kupffer cells is critical during the early stages of liver inflammation and fibrosis [23] . Both experimental animal studies and clinical investigations have suggested that the endogenous gut-derived endotoxin LPS is an important cofactor in the pathogenesis of liver injury and fibrosis [24, 25, 26, 27] . Therefore, the effects of MGP on LPS-stimulated cytokines and NO production in primary cultured rat Kupffer cells were characterized. The basic levels of TNF-a, IL-6, IL-10, and NO production in rat Kupffer cells were low. However, following 0.1 mg/ml LPS administration, the production of these cytokines in Kupffer cells significantly increased. Treatment with MGP decreased LPS-stimulated NO (Fig. 5A ), TNF-a (Fig. 5B) , and IL- Figure 2 . Effect of MGP on liver fibrosis induced by CCl 4 in rats. (A) Schematic illustration for in vivo experiments. Each group except the control received an oral dose of CCl 4 (1 ml/kg body weight) twice a week (40%, diluted in olive oil) for 10 weeks (triangle). The control group was injected with normal saline. GP extract was suspended in water and administered orally once per day at a dose of 400 mg/kg for 9 weeks (black column), starting 7 days after the first treatment with CCl 4 . Control rats received distilled water alone. Rats were weighed and sacrificed 10 weeks after the first CCl 4 treatment. (B) Survival analysis. The death of rats was recorded every week and used to calculate the survival rate. Livers were excised and fixed in formaldehyde for (C) histopathological examination. The rat liver sections were stained with hematoxylin-eosin and Sirius redFast green. The original magnification was 406. (D) Collagen content. The collagen areas were calculated in eight fields independently and the extent of fibrosis in each field was expressed as the area of collagen as a percentage of the total area of the field. (E) Hydroxyproline content. The level of hydroxyproline in the liver tissue was measured as described in the Materials and Methods section. Significance under p-values,0.05, 0.001 and 0.0001 were marked with *, ** and ***, respectively. doi:10.1371/journal.pone.0053988.g002 6 (Fig. 5C ) production in a dose-dependent manner. MGP also exerted its anti-inflammatory action through the induction of IL-10 (Fig. 5D) . These results suggest that MGP might suppress liver inflammation and fibrogenesis partly by inhibiting Kupffer cell activation.
MGP Attenuates the CCl 4 -induced Acute Hepatic Damage and Inflammation in vivo
The inflammation usually appears to improve fibrosis formation, so we further examined histopathology or immunohistochemistry in a CCl 4 induced acute hepatotoxic model. We found that intraperitoneal administration of CCl 4 resulted in markedly greater histological evidence of necrosis and inflammation compared to control group. In contrast, oral feeding with MGP blunted Kupffer cell and leukocyte accumulation in necrotic areas (Fig. 6A) . Moreover, MGP also effectively reduced the CCl 4 -stimulated TNF-a and IL-6 expression (Fig. 6B) .
Discussion
Chinese herbal medicines have been used over thousands of years on the basis of clinical experience and practice, but the underlying mechanisms in most of these medications have not been characterized. We demonstrated here that the methanolic extract of GP, a hepatoprotective herbal medicine that is used in Taiwan, ameliorated injury and fibrosis in liver caused by toxic chemical (DMN and CCl 4 ) administration in rats. In cellular studies, MGP prevented activation of transformation and suppressed a-SMA and collagen I expression in primary cultured HSCs. In addition, MGP treatment inhibited cell growth and induced apoptosis in activated HSCs. Moreover, LPS-stimulated inflammatory cytokine production in Kupffer cells was attenuated by MGP. We thus hypothesized that MGP may suppress the activation of HSCs and Kupffer cells during the course of liver inflammation and fibrosis, alleviating subsequent liver injury and fibrosis progression.
Accumulating evidence indicates that activated HSC plays a crucial role in the development and resolution of liver fibrosis [28] . Therefore inhibiting activation of HSCs and stimulating their apoptosis could be an effective treatment for liver fibrosis. Here, we found that MGP effectively inhibited the myofibroblast-like activation of isolated rat HSCs and reduced the expression of a-SMA and collagen I in vitro. In addition, treatment with MGP caused a mitochondrial-dependent apoptosis in activated HSCs. Therefore, suppression of myofibroblast-like transformation and induction of apoptotic death in activated HSCs upon MGP treatment may help alleviate chemical (both DMN and CCl 4 )-induced liver fibrosis in vivo. Inflammation is essential for host defense during liver injury, but an uncontrolled inflammatory response is the common mechanism involved in the majority of clinical liver pathologies, resulting in tissue damage, fibrosis, and cirrhosis [29] . Kupffer cells, the resident hepatic macrophages, play a crucial role in liver inflammation and fibrogenesis [30] . In acute or chronic liver diseases, Kupffer cells and infiltrating monocyte-derived macrophages are well known to promote inflammatory cascades by releasing these pro-inflammatory mediators with consequences such as T cell attraction, induction of hepatocyte apoptosis, and activation of fibrogenic HSCs [29, 31] . Therefore, depletion of Kupffer cell function significantly alleviates thioacetamide-induced hepatotoxicity [32] . In addition, selective inhibition of Kupffer cells by administration of either gadolinium chloride or methyl palmitate results in abrogation of liver injury [30, 33, 34] . Therefore, the factors that control the Kupffer cell response are clearly critical in the progression of liver fibrosis. In this study, MGP exhibited strong anti-inflammatory activity by reducing the production of TNF-a, IL-6 and NO in LPS-stimulated Kupffer cells (Figs. 6A, 6B , and 6C), suggesting that inhibition of proinflammatory cytokines (TNF-a and IL-6) and no production by kupffer cells may contribute to MGPmediated liver protection.
Increases in anti-inflammatory mediators also may contribute to an anti-inflammatory state in the liver and ameliorate injury. For example, IL-10, an immunomodulatory cytokine with potent anti-inflammatory and immunosuppressive properties, decreases production of pro-inflammatory cytokines, including TNF-a and IL-1b [35] . The ability of IL-10 to modulate the inflammatory response and to limit hepatotoxicity has been shown in several models of liver injury [36, 37, 38] . Previous reports have indicated that IL-10 has a role in the remodeling of the extracellular matrix. In vitro, IL-10 downregulates collagen I and upregulates metalloproteinase gene expression [39] . IL-10 might also have antifibrogenic properties through downregula- Table 4 . Effect of administration of MGP on serum biochemical indicators in CCl4-induced liver injury rats. intoxication, thereby decreasing inflammation and the subsequent fibrogenic response in the liver. In this study, we found that MGP was safe and nontoxic for in vitro and in vivo experimental use. Cellular studies demonstrated that MGP had no cytotoxic effect on primary cultured hepatocytes, as examined by morphological investigation and viable cell counting. In addition, our pilot study for MGP toxicity indicated that daily oral administration of a high dose of MGP (1.6 g/kg body weight) for nine months did not cause any apparent adverse side-effects in rats, and there was no evidence of mortality or hepatic or renal injury in histological sections of liver and kidney (data not shown). Moreover, these MGP-fed rats did not exhibit any significant changes in body weight, liver weight, or serum ALT, AST, bilirubin, albumin, BUN, and creatinine levels in comparison with the control group (data not shown), suggesting that MGP had no liver or renal toxicity at the tested doses. In Taiwan, the daily intake amount suggested by folk medicine for treatment of chronic liver disorder patients is 200 g/day of fresh GP, this dosage is equal to 55 mg/kg/day of MGP. In our animal study, DMN or CCl 4 -injured rats were fed with 400 mg/kg/day of MGP. We translated this dosage from rat to human by the MeehRubner formula and obtained an equivalent human intake amount of 60 mg/kg/day of MGP. These data demonstrate that the daily intake amount suggested by folk medicine is extremely consistent with the translated amount of our animal study (55 mg/ kg/day v.s. 60 mg/kg/day). Further in vivo and in vitro studies, including the use of different cell types in the liver (e.g., HSCs, Kupffer cells and sinusoidal endothelial cells), will be required to determine the exact molecular pathways affected by MGP, which may be useful in the development of novel treatments for hepatic injury and fibrosis.
In conclusion, GP is a folk herbal medicine with hepatoprotective effects that is used in Taiwan. Our findings showed that the 70% methanol extract of GP prevented fibrogenesis responses induced by toxic chemicals (DMN and CCl 4 ) in vivo. In cellular studies, GP extract exhibited anti-inflammatory activity via suppressing LPS-stimulated pro-inflammatory cytokines and mediator production in liver macrophage lineage Kupffer cells. Moreover, GP extract effectively suppressed activation of HSC transformation, inhibited cell growth, and induced apoptosis in activated HSCs. Our findings confirm that GP extract has hepatoprotective and anti-fibrotic activities and that it has the potential to become a novel and promising antifibrotic medicine for liver fibrosis. The modes of action and the active components of GP extract require further elucidation.
